Introduction {#Sec1}
============

It is estimated that 30--70% of very low birth weight infants (VLBW) are diagnosed with swallowing dysfunction, with an inverse relationship between severity and gestational age (GA) \[[@CR1]--[@CR4]\]. The maturation of suck, swallow, and breathe coordination occurs around 32--34 weeks postmenstrual age (PMA) in infants born prematurely. It is a common practice in neonatal intensive care units (NICUs) to initiate the transition from gavage to oral feeds around this PMA \[[@CR5]--[@CR8]\] since delayed initiation has been linked to numerous medical and developmental consequences, such as delayed oral motor development, prolonged hospital stays, and the persistence of feeding disorders \[[@CR6], [@CR9]--[@CR12]\]. On the other hand, the initiation of oral feeding before preterm infants' swallowing mechanisms have become fully mature can lead to aspiration \[[@CR13], [@CR14]\]. Chronic aspiration results in a persistent inflammatory state, disease progression, and eventually chronic lung injury \[[@CR15], [@CR16]\]. Such sequelae can be devastating for the already fragile and developmentally immature lungs of VLBW infants. In addition to their immature suck and swallow coordination that prevents them from protecting their airways, aspiration/penetration is often silent and occurs without any clinical evidence of dysphagia (e.g., coughing, choking, or gagging) \[[@CR3], [@CR17]--[@CR19]\], thereby placing this fragile population at even greater risk for aspiration-related complications \[[@CR2], [@CR20], [@CR21]\].

Several publications have suggested that aspiration during oral feeding in preterm infants is mainly related to inappropriate swallow--respiration interaction rather than suck--swallow interaction \[[@CR22], [@CR23]\]. During their hospital stay, VLBW infants often require respiratory support, including noninvasive ventilation that delivers positive inflation pressure to the airway \[[@CR24], [@CR25]\], such as nasal continuous positive airway pressure (NCPAP), and high-flow nasal cannulas (HFNC) \[[@CR26], [@CR27]\]. However, no clear evidence exists to support the practice of oral feeding while on noninvasive respiratory support, where the positive pressure can potentially interfere with the swallow--respiration interaction. Consequently, there exists no consensus or uniform approach among clinicians concerning initiating oral feeds in such situations \[[@CR28]\]. Factors that compromise the already immature swallow--respiration interaction in preterm infants have not been adequately investigated. Our previously published data suggested that oral feeding while on NCPAP significantly increased the infants' risk of laryngeal penetration and tracheal aspiration \[[@CR17]\]. The pressurized airflow provided by NCPAP likely interfered with the swallowing mechanism in infants on oral feedings, thereby exacerbating the potential of silent aspiration and its resulting consequences. Other recent publications also advised against orally feeding infants on noninvasive ventilation before further safety studies are available \[[@CR29]--[@CR32]\].

Based on our previous results \[[@CR17]\], our institution discontinued the practice of orally feeding infants while on NCPAP starting in July 2015. Such change of practice, however, raised a concern that delaying the transition to oral feeding until preterm infants are off NCPAP may result in their delayed achievement of full oral feeding as well as other feeding-related morbidities. In this retrospective pre--post analysis, feeding and respiratory-related outcomes were compared in preterm infants (≤32 weeks gestation) before and after discontinuing the practice of oral feeding while on NCPAP in our NICU.

Materials and methods {#Sec2}
=====================

This retrospective study compares the outcomes of premature infants born during two periods. All infants at a GA of ≤32 weeks, who were admitted to our Regional Perinatal Center NICU at NYU Winthrop Hospital, were included in this analysis over two periods: "Period 1", from January 2012 to July 2015 (oral feeding allowed while on NCPAP) and "Period 2" from August 2015 to December 2017 (oral feeding prohibited while on NCPAP). Three groups were compared.

Group 1 (Period 1, 2012--2015, *n* = 39): oral feedings were started when all the following inclusion criteria were met: (a) PMA of ≥34 weeks, (b) on NCPAP, and (c) positive oral feeding cues. Group 2: (Period 2, 2015--2017, *n* = 60): oral feedings were started when all the following inclusion criteria were met: (a) PMA of ≥34 weeks, (b) off NCPAP, and (c) positive oral feeding cues. In Group 2, since oral feeding was prohibited while on NCPAP, oral feeding was started at a later PMA (compared with Group 1) and included infants that had developed oral feeding cues at earlier PMA (but were never allowed to orally feed because they were on NCPAP) as well as infants that developed oral feeding cues at a later PMA. There was an exclusion bias in Group 1, with some infants being excluded from this group for lack of positive oral feeding cues at earlier PMA. This subgroup had oral feeding started at a later PMA when they later developed oral feeding cues (all of them were off NCPAP by the time oral feeding started). We included this subgroup in the analysis as a separate group (Group 3). Oral feedings were started in Group 3 (Period 1, 2012--2015, *n* = 10) when all the following inclusion criteria were met: (a) PMA of ≥34 weeks, (b) off NCPAP, and (c) positive oral feeding cues.

The PMA of 34 weeks as the GA to offer oral feeding was the standard clinical practice in our NICU since several publications suggested maturation of the swallow mechanism in preterm infants at this PMA \[[@CR7], [@CR33], [@CR34]\]. Our clinical practice incorporates the offering of oral feeds only to those infants who demonstrate cues of oral feeding readiness as assessed by the bedside registered nurses. This objective oral feeding assessment (based on alertness, tone, hunger cues, and latching) was developed by our NICU and was consistently used during the study period (2012--2017). The NCPAP support was ventilator delivered via either Hudson prongs (Hudson-RCI, Temecula, CA) or RAM cannula^®^ (Neotech, Valencia, CA) interfaces during the study period and the positive end-expiratory pressure ranged from 5 to 8 cm H~2~O. During the study period, we did not use high-flow nasal cannula in our NICU and the preterm infants were weaned off NCPAP to regular NC ≤ 2 l/min flow or room air. There were no recorded significant practice changes in the management of infants including ventilator strategies, oral feeding protocols, or pre- or postnatal steroid use during this period.

Exclusion criteria included any conditions that necessitated a delay in the initiation or advancement of enteral feedings, such as necrotizing enterocolitis, gastrointestinal disorders, or congenital anomalies, among others. Oral feeding was defined as any amount of milk or formula taken by mouth, while bronchopulmonary dysplasia (BPD) was defined according to the National Institutes of Health consensus definition \[[@CR35]\]. Intraventricular hemorrhage (IVH) grading was performed following Papile's classification \[[@CR36]\].

Our primary outcomes of interest were the infants' duration to achieve full oral feeding and length of stay. Secondary outcomes included respiratory morbidities, such as BPD, discharge on diuretics, discharge on home oxygen, and other relevant clinical outcomes. In Group 1 (*n* = 39), we also correlated the duration of exposure to oral feeds while on NCPAP and the time taken to wean off all respiratory support (starting from the day of oral feeding initiation). In this analysis, we included infants (*n* = 33 out of 39) who required fraction of inspired oxygen ≤0.25 at the time of oral feeding initiation to make this group more homogenous in terms of respiratory disease severity. All data were extracted from the electronic medical record, and the medical record review for this study was approved by the hospital's institutional review board.

Statistical methods {#Sec3}
===================

Descriptive statistics (median, 25th and 75th percentiles for continuous variables; frequencies and percentages for categorical variables) were calculated separately by groups. The chi-square test or Fisher's exact test, as deemed appropriate, for categorical variables and the Mann--Whitney test (two-group comparisons) and the Kruskal--Wallis test (three group comparisons) for continuous data were used to compare the groups. Within Group 1, the correlation between the duration of oral feeds while on NCPAP and the time taken to wean off respiratory support was assessed using the Pearson correlation coefficient.

The analysis of length of stay ("time to discharge alive") was accomplished by applying standard methods of survival analysis, i.e., computing the Kaplan--Meier \[[@CR37]\] product-limit curves, where the data were stratified by group. In cases where the endpoint event had not yet occurred, the time until the last follow-up was used and considered "censored." The groups were compared using the log-rank test. The median rates for each group were obtained from the Kaplan--Meier/ product-limit estimates, and their corresponding 95% confidence intervals were computed using Greenwood's formula to calculate the standard error \[[@CR38]\]. A result was considered statistically significant at the *p* \< 0.05 level of significance. All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC).

Results {#Sec4}
=======

Infants in all three groups were comparable, and no significant differences were identified in the baseline characteristics of GA, birth weight, antenatal or postnatal steroid use, although a higher female gender in Group 1 and higher cesarean delivery rate in Group 2 was reported (Table [1](#Tab1){ref-type="table"}). No significant differences were determined between the groups regarding the number of days on NCPAP and the number of days on noninvasive ventilation, nasal intermittent positive pressure ventilation, or mechanical ventilation (Table [2](#Tab2){ref-type="table"}). As expected, infants in Group 1 had an earlier initiation of oral feeds (median PMA 35.2 weeks) compared with Group 2 (median PMA 35.8 weeks *p* = 0.0001) and Group 3 (median PMA 35.9 weeks, *p* = 0.003). The infants in Group 1 took longer to achieve full oral feeding compared with Groups 2 and 3 (median days 16 vs. 10 vs. 10, *p* = 0.02). The PMA at which infants reached full oral feeding, however, was not significantly different between the groups (median PMA 37.2 weeks vs. 37.6 weeks vs. 37.2 weeks, *p* = 0.54, respectively). The length of their NICU stay was also not significantly different between the groups (median days 90 vs. 86 vs. 102.5, *p* = 0.41, respectively)Table 1Demographic characteristics.Group 1 (*n* = 39)Group 2 (*n* = 60)Groups 1 vs. 2, *p* valueGroup 3^\#^ (*n* = 10)Gestation age (weeks)^a^27.0 (25.6, 28.5)27.5 (25.8, 28.9)0.5827.0 (25.2, 28.0)Birth weight (g)^a^820 (670, 1160)882.5 (755, 1175)0.46820 (770, 950)Female Gender *n* (%)25 (64.1%)25 (41.7%)0.034 (40.0%)Antenatal steroids *n* (%)36 (92.3%)59 (98.3%)0.309 (90.0%)Cesarean delivery *n* (%)31 (79.5%)57 (95.0%)0.027 (70.0%)Postnatal steroids *n* (%)3 (7.7%)11 (18.3%)0.141 (10.0%)^a^Values are shown as medians (interquartile ranges).^\#^*p* value was not significant when characteristics are compared between Group 3 vs. Group 1 or Group 3 vs. Group 2.Table 2Respiratory and feeding milestones.Group 1 (*n* = 39)Group 2 (*n* = 60)Groups 1 vs. 2, *p* valueGroup 3 (*n* = 10)Days on NCPAP^a^28 (20, 36)30 (20.5, 38)0.6520 (16, 29)Days on noninvasive ventilation^a^53 (41, 70)49.5 (41, 62)0.3646 (32, 56)Days on NIPPV^a^26 (16, 35)21.5 (8.5, 32)0.1724 (5, 30)Days on MV^a^4 (0, 19)4 (1, 12)0.9530 (2, 42)PMA at oral feeds first attempted^a^35.2 (34.5, 35.6)35.8 (35, 37)0.000135.9 (35.3, 36.3)^**\#**^Days to achieve full oral feeds^a^16 (12, 21)10 (7, 19)0.0110 (8, 17)GA at full oral feeds37.2 (36.5, 38.2)37.6 (36.5, 39.2)0.3037.2 (37.0, 38.9)Length of stay in days^b^90 (77, 98)86 (79, 95)0.92102.5 (51, 123)^a^Values are shown as medians (interquartile ranges).^b^Values are shown as medians (95% confidence interval).^\#^*p* value for Groups 1 vs. 3 comparison is 0.012. *p* value was not significant when other characteristics are compared between Group 3 vs. Group 1 or Group 3 vs. Group 2.

In an analysis of the complications associated with prematurity (Table [3](#Tab3){ref-type="table"}), no significant differences among the groups were identified, including the patent ductus arteriosus that required ligation, IVH grade 3 or above, periventricular leukomalacia, culture-positive sepsis, or the need for a gastrostomy tube. No difference was identified in the number of infants discharged home on oxygen among the groups. There was no difference found between the groups regarding the overall rate of BPD.Table 3Morbidity characteristics.Group 1 (*n* = 39)Group 2 (*n* = 60)Groups 1 vs. 2, *p* valueGroup 3^\#^ (*n* = 10)BPD *n* (%)28 (71.8%)47 (78.3%)0.468 (80.0%)PDA needing ligation *n* (%)1 (2.6%)1 (1.7%)1.001 (10.0%)IVH grade ≥ 3 *n* (%)2 (5.1%)9 (15%)0.472 (20.0%)PVL *n* (%)1 (2.6%)1 (1.7%)1.000 (0.0%)Sepsis *n* (%)3 (7.7%)10 (16.7%)0.201 (10.0%)Gastrostomy tube *n* (%)1 (2.6%)2 (3.4%)1.001 (10.0%)Discharge home on diuretics *n* (%)4 (10.2)1 (1.6)0.0560 (0.0%)Discharge home on oxygen *n* (%)3 (7.6)1 (1.6)0.141 (10.0%)^\#^*p* value was not significant when characteristics are compared between Group 3 vs. Group 1 or Group 3 vs. Group 2.

A Pearson correlation coefficient analysis was performed in Group 1 to determine if there was an association between the number of days of oral feeds while on NCPAP and the time required to wean off all respiratory support (wean to room air) starting from the day the oral feeding was initiated. Interestingly, a positive correlation was noted as illustrated in Fig. [1](#Fig1){ref-type="fig"} (*r* = 0.63, *p* \< 0.0001).Fig. 1Infants in Group 1 with the duration of oral feeding while on NCPAP plotted on the *x*-axis and days on respiratory support starting from oral feed initiation plotted on the *y*-axis.A positive correlation was noted (*r* = 0.63, *p* \< 0.0001).

Discussion {#Sec5}
==========

This study demonstrates that delaying oral feeding until preterm infants are off NCPAP does not result in feeding-related morbidities. Furthermore, our results suggest a positive correlation between duration of oral feeding while on NCPAP and the time spent on respiratory support in preterm infants.

Very scant literature supports or refutes the practice of initiating oral feeding in infants on NCPAP. A high degree of coordination between the sensorimotor sequences of respiration and swallowing is required for safe oral ingestion \[[@CR39]\], which is often inadequate in infants born preterm due to physiologic instability, immature neurologic systems, and underdeveloped cardiorespiratory systems \[[@CR2], [@CR14], [@CR40], [@CR41]\]. Risk factors that further compromise this already immature swallowing mechanism in preterm infants have rarely been evaluated. The use of NCPAP is reported to induce the dilatation of the laryngeal opening in preterm infants and might interfere with the sensory reception of the liquid bolus \[[@CR42]\] as well as inhibit the swallow reflex in adults \[[@CR43]\]. Our previous publication demonstrated that oral feeding while on NCPAP significantly increased the risk of penetration/aspiration events in preterm infants, as demonstrated by the videofluoroscopic swallow study \[[@CR17]\]. The theoretical rationale for this finding was that the presence of pressurized airflow provided by the NCPAP interfered with the sensory reception of the liquid bolus. This interference resulted in altered sensorimotor sequences of the pharyngeal swallowing mechanism, causing a dysfunctional swallow with airway compromise.

Samson et al. \[[@CR29]\] reported an increased incidence of coughing in lambs on NCPAP immediately following bottle feeding (27% in NCPAP group vs. 2% in controls), which the authors assume to be related to a high milk flow; however, this might also indicate an increased risk of airway compromise with NCPAP, as evidenced by the reflex coughing. The authors concluded that further studies that evaluate tracheal aspirations while feeding under NCPAP are needed. Another study by Hanin et al. \[[@CR27]\] demonstrated that infants with BPD who were fed orally while on NCPAP achieved full feeds faster than those infants who were not fed orally. Although the authors implied the safety of this practice, the study solely involved a chest x-ray to exclude the possibility of aspiration pneumonia, and no direct assessment of airway safety was performed. The implied safety is therefore not supported, as a chest x-ray in pediatrics is not sufficiently sensitive for detecting chronic microaspiration due to dysphagia \[[@CR44], [@CR45]\]. Furthermore, the study power was not designed to detect differences in respiratory outcomes.

Hori et al. \[[@CR46]\] found that CPAP altered the swallow/respiration cycle in normal, stable adults, thereby increasing their risk of experiencing aspiration. Interestingly, the safety insert in the CPAP commercial machines \[[@CR47]\] that are sold to adult patients contains the following warning: "Do not eat or drink while using CPAP. You are likely to inhale the food or drink into your lungs." In spite of the possible detrimental effects of oral feeding during noninvasive ventilation that creates high pressure, the use of such devices (NCPAP and HFNC) in preterm infants during oral feedings is a common practice in many NICUs \[[@CR25], [@CR27], [@CR48]\]. Silent aspiration can cause continued inflammation, thus necessitating the requirement for additional respiratory support. Our current retrospective pre--post analysis supports such a risk. In a recent review, experts in the field concluded that the initiation of oral feeds while on noninvasive ventilation can be detrimental, and it is prudent that the routine initiation of oral feeding is avoided while on noninvasive ventilation \[[@CR30]\]. However, it has been acknowledged that no published studies guide such practice regarding this important clinical dilemma \[[@CR30]\]. In our study, there were no significant differences in respiratory outcomes between groups likely because of the limited sample size.

Delaying oral feeding while on NCPAP is a challenging choice since some neonatologists are concerned about the risk of these infants developing an aversion to oral feeding. In our current study, we found that, while oral feeding was initiated later in Group 2 (median PMA 35.2 weeks vs. 35.8 weeks, *p* = 0.0001), there was no significant difference in the PMA at which full oral feeding was achieved (median PMA 37.2 weeks vs. 37.6 weeks, *p* = 0.30). This finding suggests that oral aversion is not a concern. Furthermore, the fact that both groups reached full oral feeding at the same PMA may suggest that the suck--swallow maturation at a specific PMA is a more important determining factor for successful oral feeding than is the introduction of oral feeding at an early PMA, as demonstrated in other studies \[[@CR49], [@CR50]\]. This was enforced by the results of Group 3 (Table [2](#Tab2){ref-type="table"}), as infants in this group reached full oral feeding at a similar PMA (37.2 weeks) compared with Group 1, in spite of later initiation of oral feeding (35.9 weeks). This finding may also suggest that infants in Group 1 took a longer time to achieve full feeds due to the altered sensory-motor environment caused by the NCPAP. Infants in Groups 2 and 3 learned to feed under a more typical sensory-motor feeding environment, and therefore learned more proficiently. In addition, no difference was identified in the length of stay between the groups, thereby indicating that withholding the initiation of oral feeding while on NCPAP did not delay the patients' discharge to home. Interestingly, the outcome measures in Group 3 (Period 1) were similar to Group 2 (Period 2), likely because infants in both groups did not orally feed while on NCPAP.

There are several limitations to the current study. Because it is retrospective in nature, several other factors may have influenced the outcomes. However, there were no significant clinical practice changes recorded in the respiratory or nutritional management of infants within the study period except as mentioned above. We used a ventilator-derived, variable-flow NCPAP system in the current study, for which the findings may not apply to those infants on other types of NCPAP, such as infant flow systems. The differential effect on the outcomes regarding breast milk versus formula was not studied. Also, because our studies were conducted on preterm infants ≤32 weeks GA, which is a group with the most immature suck and swallow mechanisms, the results may not apply to other GA infants. We acknowledge that having a small sample size increases the margin of error and the likelihood that a type II error will skew the results and thereby decrease the study's power. However, data from this study can be used to design larger confirmatory studies. It is also important to highlight that this study does not suggest that oral feeding on NCPAP should not be attempted in all infants ≤32 weeks gestation. It might be appropriate to allow a selected group of preterm infants to feed while on NCPAP orally, but only after implementing reliable and objective testing that assesses the swallowing--breathing interaction to document the safety of and infants' readiness for oral feedings.

In conclusion, feeding preterm infants orally while on NCPAP does not lead to faster maturation of oral feeding ability, or decreased length of stay. Further research is needed to establish evidence-based oral feeding protocols for preterm infants that include reliable testing for the safety and infants' readiness for oral feedings while on NCPAP.
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